Gildea JJ, Kemp BA, Howell NL, Van Sciver RE, Carey RM, Felder RA. Inhibition of renal caveolin-1 reduces natriuresis and produces hypertension in sodium-loaded rats. Am J Physiol Renal Physiol 300: F914 -F920, 2011. First published February 2, 2011 doi:10.1152/ajprenal.00380.2010.-Renal dopamine receptor function and ion transport inhibition are impaired in essential hypertension. We recently reported that caveolin-1 (CAV1) and lipid rafts are necessary for normal D1-like receptor-dependent internalization of Na-K-ATPase in human proximal tubule cells. We now hypothesize that CAV1 is necessary for the regulation of urine sodium (Na ϩ ) excretion (UNaV) and mean arterial blood pressure (MAP) in vivo. Acute renal interstitial (RI) infusion into Sprague-Dawley rats of 1 g·kg Ϫ1 · min Ϫ1 fenoldopam (FEN; D1-like receptor agonist) caused a 0.46 Ϯ 0.15-mol/min increase in UNaV (over baseline of 0.29 Ϯ 0.04 mol/min; P Ͻ 0.01). This increase was seen in Na ϩ -loaded rats, but not in those under a normal-sodium load. Coinfusion with ␤-methyl cyclodextrin (␤MCD; lipid raft disrupter, 200 g·kg Ϫ1 · min Ϫ1 ) completely blocked this FEN-induced natriuresis (P Ͻ 0.001). Long-term (3 day) lipid raft disruption via continuous RI infusion of 80 g · kg Ϫ1 · min Ϫ1 ␤MCD decreased renal cortical CAV1 expression (47.3 Ϯ 6.4%; P Ͻ 0.01) and increased MAP (32.4 Ϯ 6.6 mmHg; P Ͻ 0.001) compared with vehicle-infused animals. To determine whether the MAP rise was due to a CAV1-dependent lipid raft-mediated disruption, Na ϩ -loaded rats were given a bolus RI infusion of CAV1 siRNA. Two days postinfusion, cortical CAV1 expression was decreased by 73.6 Ϯ 8.2% (P Ͻ 0.001) and the animals showed an increase in MAP by 17.4 Ϯ 2.9 mmHg (P Ͻ 0.01) compared with animals receiving scrambled control siRNA. In summary, acute kidney-specific lipid raft disruption decreases CAV1 expression and blocks D1-like receptor-induced natriuresis. Furthermore, chronic disruption of lipid rafts or CAV1 protein expression in the kidney induces hypertension. dopamine receptors; renal proximal tubule; GRK4; lipid rafts THE PRINCIPAL CHARACTERISTIC of essential hypertension is failure of the kidneys to eliminate sodium (Na ϩ ) at normal blood pressure (BP) levels. When Na ϩ intake is increased, there is accumulation of extracellular fluid volume resulting in an increase in BP. In turn, the increased BP leads to elimination of the excess Na ϩ and water through a process termed pressurenatriuresis (P-N). In several forms of hypertension, the P-N curve is shifted to the right so that a higher BP level is required to excrete the same amount of Na ϩ (10, 18). The cause of this shift in the P-N curve in essential hypertension is not wellunderstood. Dopamine secreted by renal proximal tubule cells (RPTC) has been shown to be an important mechanism contributing up to 60% of the renal natriuretic response. However, natriuresis is increased by dopamine receptor stimulation primarily in conditions of a mild Na ϩ load (33, 37). In humans under conditions of Na ϩ deficit (8) and in normally hydrated rats (24), no increase in urine Na ϩ excretion (U Na V) was seen following dopamine receptor stimulation.
THE PRINCIPAL CHARACTERISTIC of essential hypertension is failure of the kidneys to eliminate sodium (Na ϩ ) at normal blood pressure (BP) levels. When Na ϩ intake is increased, there is accumulation of extracellular fluid volume resulting in an increase in BP. In turn, the increased BP leads to elimination of the excess Na ϩ and water through a process termed pressurenatriuresis (P-N). In several forms of hypertension, the P-N curve is shifted to the right so that a higher BP level is required to excrete the same amount of Na ϩ (10, 18) . The cause of this shift in the P-N curve in essential hypertension is not wellunderstood. Dopamine secreted by renal proximal tubule cells (RPTC) has been shown to be an important mechanism contributing up to 60% of the renal natriuretic response. However, natriuresis is increased by dopamine receptor stimulation primarily in conditions of a mild Na ϩ load (33, 37) . In humans under conditions of Na ϩ deficit (8) and in normally hydrated rats (24) , no increase in urine Na ϩ excretion (U Na V) was seen following dopamine receptor stimulation.
Dopamine receptors belong to two receptor subfamilies: D 1 -like (D 1 and D 5 ) and D 2 -like (D 2 , D 3 , and D 4 ). We proposed that a defect in the renal dopaminergic response to Na ϩ loading is an important mechanism in hypertension and salt sensitivity (13, 47) due to activating variants of G proteincoupled receptor kinase-4 (GRK4) that hyperphosphorylate, internalize, and desensitize the dopamine D 1 receptor (D 1 R). In a preliminary communication, we reported that the P-N curve in salt-sensitive human GRK4␥ 486V transgenic mice fed a high-Na ϩ diet is shifted to the right (40) . Caveolins, localized in lipid rafts of plasma membranes, tether and regulate signaling complexes into functional units (e.g., G protein-coupled receptors and kinases, GPCRs and GRKs, respectively) (27, 32) . We previously reported that fenoldopam (FEN; D 1 -like receptor agonist) stimulates caveolin-2 (CAV2) and D 1 R association in human embryonic kidney 293 cells (44) . Furthermore, FEN-stimulated membrane D 1 R recruitment (38) and cAMP accumulation were greater in membranes with CAV2-containing lipid rafts than in membranes depleted of CAV2 with antisense oligonucleotides or in nonlipid rafts without CAV2 (44) . Studies recently demonstrated that rat RPTCs express CAV1 under certain physiologic conditions (6) , but the specific physiologic function of CAV1 has yet to be determined. CAV1 has been shown to inhibit GRK4 (16) while CAV2 does not (44) . Therefore, we decided to investigate the role of CAV1 in rat BP regulation.
The dopamine receptor defect that has been implicated in human essential hypertension has been studied extensively in our laboratory in human subjects as well as in immortalized human RPTCs (5, 13, 47) . In numerous cell lines that were derived from kidney tissue from hypertensive subjects, the D 1 -like receptors have diminished agonist-induced recruitment to the plasma membrane and coupling to adenylyl cyclase. We compared these uncoupled cell lines to their normally coupled counterparts and recently reported that CAV1 and lipid rafts are necessary for the D 1 -like receptor-dependent reduction in Na ϩ transport in normally coupled RPTCs (16) . Blocking CAV1 expression in D 1 -like receptor-uncoupled human RPTCs had no effect on Na-K-ATPase or Na ϩ transport. In vivo studies demonstrated that FEN increased the fractional excretion of Na ϩ (FE Na ) by a proximal tubule mechanism in rats (48) and in humans (20) . Our previous studies implicated the proximal tubule as the site where FEN induces natriuresis in a Na ϩ -loaded animal model (model used because the normal-Na ϩ rats did not show an increase in natriuresis following FEN) (34) . We repeated the comparison of animals fed a normal-vs. a high-Na ϩ diet in our current study to determine whether lipid rafts and CAV1 are necessary for D 1 -like receptor-induced natriuresis and maintenance of normal BP. Specifically, we first performed acute renal interstitial (RI) infusion of the lipid raft-disrupting agent ␤-methyl cyclodextrin (␤MCD) concurrently with D 1 -like receptor stimulation and measured U Na V and mean arterial pressure (MAP). Second, the effect of 3-day chronic RI infusion of ␤MCD on MAP was examined. Third, we blocked renal CAV1 expression by infusing CAV1 siRNA into the RI space in vivo and measured MAP 2 days later. We hypothesized that chronic RI infusion of either ␤MCD or CAV1 siRNA might inactivate the dopamine D 1 -like receptor and increase MAP.
MATERIALS AND METHODS

General Animal Preparation
The experimental protocols were approved by the University of Virginia Animal Care and Use Committee and were conducted on 12-wk-old female Sprague-Dawley rats (Harlan, Teklad) that were housed in a vivarium under controlled conditions (temperature: 21 Ϯ 1°C; humidity: 60 Ϯ 10%; and light: 8 AM to 8 PM). Rats received either a normal-or a high-Na ϩ diet (0.28 and 4.0% Na ϩ , respectively). The rats that were Na ϩ -loaded received the high-Na ϩ diet for 1 wk before and during the experiments. On days 6 -7, the rats were placed in metabolic cages and 24-h urine samples were collected to measure U NaV to ensure that they were Na ϩ -loaded. Representative UNaV was 0.69 and 6.34 mol/min for the normal-and high-Na ϩ diets, respectively. Experiments were conducted at similar times each day to prevent any diurnal variations in BP.
Experimental Protocols
1) Effects of short-term RI infusion of FEN on UNaV and MAP in normal and Na
ϩ -loaded rats. On the day of experimentation, the rats were placed under general anesthesia with pentobarbital sodium via an intraperitoneal (IP) injection and a tracheostomy was performed to assist respiration. Direct cannulation of the right internal jugular vein using PE-10 tubing provided intravenous (IV) access through which vehicle (VEH) 5% dextrose in water (D 5W) was infused at 20 l/min to prevent dehydration. Cannulation of the right carotid artery using PE-50 tubing provided arterial access for MAP measurements with a digital BP analyzer (Micromed). Pressures were recorded every 5 min and averaged for all periods of the study. Following a midline laparotomy, the right kidney was removed, and the remaining ureter was cannulated (PE-10) to collect urine for the quantification of U NaV. An open-bore microinfusion catheter (PE-10) was inserted under the renal capsule into the cortex of the remaining (left) kidney for the RI infusion of pharmacologic agents or VEH at 2.5 l/min with a syringe pump (Harvard, model 55-222). Vetbond tissue adhesive (3M Animal Care Products) was used to secure the catheter and prevent interstitial pressure loss. Four groups were investigated (n ϭ 6 per group): 1) control normal Na ϩ : rats received RI infusion of VEH during both the 60-min control and 60-min treatment periods; 2) FEN normal Na ϩ : rats received RI infusion of VEH during the 60-min control period, followed by a 60-min treatment period with RI infusion of FEN (1 g·kg Ϫ1 · min Ϫ1 ); 3) control high Na ϩ : rats received RI infusion of VEH during both the 60-min control and 60-min treatment periods; and 4) FEN high Na ϩ : rats received RI infusion of VEH during the 60-min control period, followed by a 60-min treatment period with RI infusion of FEN (1 g·kg Ϫ1 · min Ϫ1 ). UNaV and MAP were measured for each period and the remaining (left) kidneys were removed for use in the coimmunoprecipitation dot-blot assay for Na-K-ATPase-adaptor protein 2 (AP2) association.
2) Effects of short-term RI infusion of FENϩ␤MCD and ␤MCD alone on U NaV and MAP in Na
ϩ -loaded rats. On the day of experimentation, the same procedures in protocol 1 were performed. Two groups were investigated (n ϭ 6 per group): 1) FEN ϩ ␤MCD high Na ϩ : rats received RI coinfusion of FEN (1 g·kg Ϫ1 · min Ϫ1 ) ϩ ␤MCD (200 g·kg Ϫ1 · min Ϫ1 ) during the 60-min treatment period following a 60-min control period with RI infusion of VEH and 2) ␤MCD high Na ϩ : rats received RI infusion of ␤MCD alone during the 60-min treatment period following a 60-min control period with RI infusion of VEH. UNaV and MAP were measured for each period and the kidneys were collected for the use in the coimmunoprecipitation dot-blot assay for Na-K-ATPase-AP2 association.
3) Effects of 3-day RI infusion of ␤MCD on MAP. DAY 0. Rats (n ϭ 6) were placed under short-term anesthesia with ketamine and xylazine via an IP injection. Using a sterile technique, a midline laparotomy was performed and the right kidney was removed. A catheter (PE-10) connected to a 3-day osmotic mini-pump (Alzet, model 1003D) infusing ␤MCD (80 g·kg Ϫ1 · min Ϫ1 ) at 1 l/h was inserted into the renal cortex of the remaining (left) kidney and secured with mesh and Vetbond tissue adhesive. Rats received intramuscular injections (IM) of Buprenex following the surgery and then twice daily for 2 days. The antibiotic Baytril was added to the drinking water to prevent infection. DAY 3. The rats were placed under general anesthesia with pentobarbital sodium via an IP injection and a tracheostomy was performed to assist respiration. Cannulation of the right carotid artery using PE-50 tubing provided arterial access for MAP measurements. The left kidney was removed and snap-frozen in liquid nitrogen for use in Western blotting to determine the effect of ␤MCD on CAV1 protein levels.
4) Effects of CAV1 siRNA on MAP.
DAY 0. Rats (n ϭ 6) were placed under short-term anesthesia with ketamine and xylazine via an IP injection. Using a sterile technique, a midline laparotomy was performed and the right kidney was removed. Twenty microliters of either scrambled control siRNA (SCR) or CAV1 siRNA (15 g) were mixed with 20 l of transfer polymer and 64 l of delivery buffer (Mirus TransIT In Vivo Gene Delivery System) and infused interstitially into the renal cortex of the remaining (left) kidney at a rate of 2.5 l/min. Previous studies demonstrated that antisense selectively targets the kidney (and not surrounding organs) and preferentially appears in the proximal tubule using this method (35, 41) . Rats received IM injections of Buprenex following the surgery and then twice daily for the next 2 days. The antibiotic Baytril was added to the drinking water to prevent infection. DAY 2. The rats were placed under general anesthesia with pentobarbital sodium via an IP injection and a tracheostomy was performed to assist respiration. Cannulation of the right carotid artery using PE-50 tubing provided arterial access for MAP measurements. The left kidney was removed and snap-frozen in liquid nitrogen for use in Western blotting to confirm that the siRNA caused a reduction in CAV1 protein levels.
Immunofluorescent Staining of Endogenous Proximal Tubular CAV1
Kidneys were removed from normal-or high-Na ϩ rats (1 wk on diet) and were fixed with 4% paraformaldehyde. Frozen 8-m cortical sections were made, unmasked with 1% sodium dodecyl sulfate (SDS) for 5 min, blocked, and probed with rabbit anti-CAV1 primary antibody (1:200; BD Transduction Laboratories) for 1 h at room temperature. Alexa-647 donkey anti-rabbit secondary antibody (Invitrogen) was added for 1 h, washed, and slides were mounted in Fluoromount G. Images were taken on Olympus IX81 spinning disk confocal microscope with a ϫ60 1.2 NA water immersion lens using Slidebook 5.0 software collected using identical exposure and filter settings. Background levels of staining were gated using an equal amount of nonspecific rabbit IgG antibody (Sigma; 0.8 g/ml) as a primary antibody. Images were quantified using ImageJ imaging software.
Renal Cortical CAV1 Protein Expression
Superficial surface shavings were taken from the frozen renal cortex to obtain only proximal tubules and not deeper nephron segments. One hundred fifty milligrams of this tissue were processed by lysis in 1 ml M-PER (Thermo Scientific) containing Halt protease and phosphatase inhibitor cocktail with EDTA. Protein concentration was determined by BCA assay (Bio-Rad) and 20 g of protein were loaded per lane for electrophoresis and Western blot analysis (17) . The proteins of interest were detected using rabbit polyclonal antibodies to CAV1 (1:500 dilution; BD Transduction Laboratories) and mouse monoclonal antibody to ␤-actin (1:2,000; Sigma) followed by goat anti-rabbit infrared dye (IR Dye 800, Li-Cor) and goat antimouse infrared dye (IR Dye 680, Li-Cor) secondary antibodies (1:15,000). Imaging was performed on an Odyssey infrared imaging system (Li-Cor).
Coimmunoprecipitation Dot-Blot Assay for AP2-Na-K-ATPase Association
Measurement of Na-K-ATPase internalization by association with AP2 was performed as previously reported (16) . Immediately following the acute experimental conditions in protocols 1 and 2, the kidneys were excised, decapsulated, and snap-frozen in liquid nitrogen. One hundred fifty milligrams of superficial (shaved) cortex were lysed in ice-cold lysis buffer (M-PER with Halt protease and phosphatase inhibitor cocktail) using a tissue homogenizer. Two micrograms of rabbit anti-AP2 antibody (␣-adaptin, Santa Cruz Biotechnology, sc-10761) or a nonspecific rabbit IgG (Sigma) were added to 500 g lysate in 1 ml lysis buffer for 2 h. Protein A sepharose was incubated for 30 min with the lysate, washed three times in lysis buffer, and eluted with LDS loading buffer with reducing agent (Invitrogen). The eluate was immuno-dot-blotted for Na-K-ATPase using a 1:1,000 dilution of anti-Na-K-ATPase alpha antibody (Millipore clone C464.6). The Na-K-ATPase signal was normalized to the amount of AP2 pulled down using a replicate well that was probed with a mouse anti-AP2 monoclonal antibody (␣-adaptin, Santa Cruz Biotechnology, sc-17771). Following the addition of both Na-K-ATPase and AP2 mouse monoclonal antibodies, goat anti-mouse IR Dye 800 secondary antibody was added, and the cells were imaged using an Odyssey infrared imaging system. The specificity of this immuno dot-blot method was previously verified by Western blot analysis (16) .
siRNA to CAV1
CAV1 siRNA (target sequence 5=-AACCAGAAGGGACACA-CAGTT-3= and scrambled control 5=-AAAGAGCGACTTTACA-CACTT-3=) (9, 39) were designed and ordered prehybridized (SigmaGenosys).
Statistical Analysis
Data are expressed as means Ϯ 1 SE. Comparisons within and among groups were made by repeated measures or factorial ANOVA, respectively, followed by Holm-Sidak or Duncan's test. T-test was used for two-group comparisons. A P value of Ͻ0.05 was considered significant.
RESULTS
Initially, we performed acute studies on rats that had received either a normal-or high-Na ϩ diet, with all animals (n ϭ 6/group) receiving 1-h RI infusion of VEH for baseline and subsequently 1 h of the drug(s) to be tested. We reconfirmed our previous finding that the normal-diet rats show no change in natriuresis following RI FEN (D 1 -like receptor agonist, 1 g·kg Ϫ1 ·min
Ϫ1
) infusion (unpublished observations, Carey RM). In the high-Na ϩ rats, however, FEN caused a 0.47 Ϯ 0.13-mol/min increase (P Ͻ 0.01) in U Na V from baseline ( Fig. 1) .
We also carried out immunofluorescent staining (Fig. 2 ) on normal-and Na ϩ -loaded rats. In the normal-salt rats, proximal tubule staining was found to be very low when identically exposed confocal images were properly gated, using identical amounts of nonspecific rabbit IgG as a negative control antibody. Using the same confocal settings as above, Na ϩ -loaded rats showed a 224 Ϯ 12% (P Ͻ 0.001) increase in proximal tubule-specific CAV1 staining. Quantitative peritubular capil- Fig. 1 . Effect of acute renal interstitial infusion of fenoldopam (FEN) on natriuresis in normal-and Na ϩ -loaded rats. Rats fed a diet of normal or high sodium (Na ϩ ) for 7 days received a 1-h control period with D5W vehicle (VEH), which was followed by a 1-h infusion (period 1) of VEH or FEN (1 g · kg Ϫ1 · min
). The Na ϩ -loaded rats showed a 0.46 Ϯ 0.13-mol/min increase in urine Na ϩ excretion (UNaV) from baseline after FEN infusion (*P Ͻ 0.01, n ϭ 6); the normal-Na ϩ rats showed no natriuretic response to FEN. lary-specific CAV1 staining did not change between the normal-and high-Na ϩ conditions (Fig. 2, B and D, small arrows). Additionally, the distal tubule-specific CAV1 staining did not change between the normal-and high-Na ϩ rats (data not shown).
All subsequent experiments were performed using rats fed a high-Na ϩ diet. When the cholesterol and lipid raft disruptor ␤MCD (200 g·kg Ϫ1 ·min Ϫ1 ) was infused into the RI space, there was no significant change in U Na V (Fig. 3) . However, coinfusion of ␤MCD with FEN abolished the FEN-induced natriuresis (P Ͻ 0.001). In this acute study, MAP did not change significantly (data not shown).
In an attempt to correlate the observed natriuresis with an inhibition of Na-K-ATPase, we measured the association of AP2 with Na-K-ATPase by immunoprecipitation and dot-blot as previously reported for cells in culture (16) . Figure 4 shows a 38.56 Ϯ 11.29% (P Ͻ 0.01) increase in AP2-Na-K-ATPase association from the kidney lysates of rats infused with FEN as described above for the acute study. The addition of ␤MCD blocked this FEN-dependent increase by 73.35 Ϯ 4.55% (P Ͻ 0.05 vs. FEN alone). ␤MCD alone had no effect compared with VEH. A longer-term (3 day) RI infusion of ␤MCD (80 g·kg Ϫ1 ·min Ϫ1 ) was subsequently administered using an osmotic minipump. ␤MCD caused a 47.3 Ϯ 6.4% reduction in cortical CAV1 expression as measured by Western blot analysis ( Fig. 5A ; P Ͻ 0.01 vs. VEH-infused animals). ␤-Actin was used as a loading control and quantification of CAV1 was calculated as a ratio to ␤-actin. Figure 5B shows that the 3-day RI infusion of ␤MCD (80 g·kg Ϫ1 ·min Ϫ1 ) produced a 32.4 Ϯ 6.6-mmHg rise in MAP (P Ͻ 0.001 vs. VEH-infused animals), indicating that chronic reduction in lipid rafts increases MAP.
Since ␤MCD is not a specific disrupting agent for CAV1, we employed siRNA knockdown techniques to determine whether a CAV1-dependent lipid raft-mediated disruption would also cause an increase in MAP. We knocked down CAV1 using a bolus RI infusion of CAV1 siRNA into the kidney and then measured MAP and kidney proteins 2 days later. We confirmed that this subcapsular method of infusion to produce knockdown was specific to the kidney by comparing CAV expression in ), or a combination of FENϩ␤MCD. The FEN-induced natriuresis (*P Ͻ 0.01, FEN vs. VEH, n ϭ 6) was completely blocked by the coinfusion of ␤MCD (**P Ͻ 0.001, FEN vs. FENϩ␤MCD, n ϭ 6). Fig. 4 . Effect of short-term renal interstitial coinfusion of ␤MCD on D1-like receptor-induced internalization of Na-K-ATPase. At the end of the acute study shown in Fig. 3 , kidneys from the rats were removed and cortical tissue lysates were made. Adaptor protein 2 (AP2) was immunoprecipitated and the filter-trapped precipitate was then immuno-dot-blotted for Na-K-ATPase. Values are expressed as a percentage of VEH control (set at 100%). FEN (1 g · kg Ϫ1 · min
) stimulated the AP2-mediated Na-K-ATPase internalization (*P Ͻ 0.01 FEN vs. VEH, n ϭ 6) and this effect was blocked by the coinfusion of ␤MCD (200 g · kg Ϫ1 · min Ϫ1 ; **P Ͻ 0.05 FEN vs. FENϩ␤MCD, n ϭ 6). ). The CAV1 protein was quantified as a ratio of the ␤-actin protein measured concurrently in the Western blot (*P Ͻ 0.001, n ϭ 6). B: same animals as in A had MAP measurements performed at the end of the 3-day infusion with VEH or ␤MCD. The rats that received ␤MCD showed a 32.4 Ϯ 6.6-mmHg rise in MAP (*P Ͻ 0.001, n ϭ 6).
other nearby organs. We examined heart, aorta, and liver tissue and saw no decrease in CAV1. We also measured the expression of CAV2 and discovered that it did not change significantly in any of the organs, including the kidney (data not shown). Previous use of this method showed preferential targeting of the proximal tubule (41) . Figure 6A shows that the RI infusion of CAV1 siRNA knocked down CAV1 protein expression in the renal cortex of the kidney. Calculated as a ratio of ␤-actin levels and compared with SCR controls, CAV1 was significantly reduced by 73.6 Ϯ 8.2% (P Ͻ 0.001) as determined by Western blot. When CAV1 was measured in these animals 2 days post-RI infusion of CAV1 siRNA, MAP was increased by 17.4 Ϯ 2.9 mmHg (P Ͻ 0.01, n ϭ 5) compared with control animals receiving SCR (Fig. 6B) . This increase in MAP was less than that seen in the continuously infused ␤MCD animals, but it was still a significant change for that 2-day time period.
DISCUSSION
Little is known about the role of lipid rafts and specifically CAV1 (a major structural protein within lipid rafts) in health and disease. The loss of CAV1 expression in the kidney is associated with hypertension and diabetes in the rat (3, 22, 26) .
CAV1 expression is lower in the proximal tubules of spontaneously hypertensive rats (SHR) compared with their WistarKyoto (WKY) counterparts (6) . Furthermore, a decrease of BP in SHR was correlated with an increase in CAV1 expression in the proximal tubule (28) . This reciprocal relationship may be related to our recent findings that anti-natriuretic angiotensin II (ANG II) stimulation decreases, while natriuretic D 1 -like receptor activation increases, the expression of CAV1 in RPTCs (16) . This previous study demonstrated that the reduction in CAV1 expression is associated with uncoupling of the D 1 R from adenylyl cyclase activation and from Na-K-ATPase internalization and inhibition of Na ϩ transport. However, the physiologic effect of CAV1 reduction on BP has not been studied. Since the natriuretic effect of D 1 -like receptor stimulation only occurs during high-Na ϩ intake in RI-infused rats, we tested the hypothesis that CAV1 is necessary for D 1 -like receptor-mediated natriuresis in vivo using Sprague-Dawley rats fed a high-Na ϩ diet. In our previous in vitro study, we determined that lipid rafts and CAV1 expression were necessary for FEN-dependent Na-K-ATPase internalization and inhibition of Na ϩ transport of RPTCs. Similarly, in this current physiologic study, the consequence of reducing CAV1 expression by ␤MCD or CAV1 siRNA was a reduction in D 1 -like receptor-mediated natriuresis (short-term) and a significant rise in MAP (longterm). We also demonstrated a reduced association of Na-KATPase with AP2, a prerequisite for proper downregulation of Na-K-ATPase. The specific mediators of these effects could be GRK4 (14) or GRK2 (2, 42) activity. We are currently investigating these possibilities by coinfusion with either GRK2 or GRK4 siRNA and testing whether the acute natriuretic and chronic hypertensive effects can be reversed.
Previous reports have been equivocal about the presence of CAV1 in rat renal proximal tubules in situ. Zhuang et al. (49) recently reported that under normal physiologic conditions, CAV1 is undetectable in rat renal proximal tubules using numerous techniques, confirming their previous report using immunofluorescence. Others also failed to find immunoreactive CAV1 in proximal tubules in situ (7, 15) . The demonstration of CAV1 in the rat and mouse proximal tubule may be inconsistent from various laboratories due to the difficulty in unmasking CAV1 using different immunohistochemical embedding and staining methods. Using Western blot analysis and immunofluorescence on microdissected rat renal proximal tubules, Bocanegra et al. (6) detected lower CAV1 expression in SHR compared with control (WKY) rats. CAV1 was also found to be expressed in mouse despite the lack of immunohistochemical staining when proximal tubule segments were isolated using collagenase and then examined by Western blot (45) . Furthermore, certain physiologic stresses have been shown to cause transient expression of CAV1 in the renal proximal tubule (45) . CAV1 and CAV2 expression increases dramatically from very low baseline expression levels in rat renal proximal tubules in response to gentamicin injection (15) . In isolated mouse RPTCs, radiographic contrast media caused CAV1 shedding into the culture media (46) . CAV1 and rBAT1 coimmunoprecipitate in primary cultured rat RPTCs (23) , with CAV1 mRNA expression and CAV1 protein detected by RT-PCR and Western blotting, respectively. Our studies suggest that CAV1 is expressed at low concentrations in the normal rat kidney in situ as revealed by careful antigen rescue. Since we Fig. 6 . Long-term (2-day) effect of a bolus renal interstitial infusion of CAV1 siRNA on CAV1 protein levels and MAP. A: Western blot analysis of cortical kidney tissue lysates from animals receiving a bolus infusion of CAV1 siRNA or scrambled control (SCR CON). The CAV1 protein was quantified as a ratio of the ␤-actin protein, measured concurrently in the Western blot (*P Ͻ 0.001, n ϭ 6). B: MAP was measured in the same animals as in A. The rats who received CAV1 siRNA showed an increase in MAP of 17.4 Ϯ 2.9 mmHg, compared with the SCR CON animals (*P Ͻ 0.01, n ϭ 5).
show here that CAV1 expression is upregulated after Na ϩ loading, we speculate that CAV1 may play only a minor role in unstressed renal function, but it can be upregulated to play its role as a scaffold protein to assist with events that help restore normal-Na ϩ balance. The role of CAV1 on BP has been controversial. CAV1-null animals have been reported to have no increase in BP (1, 11) , decreased BP (29), a decrease in BP variability (11), pulmonary hypertension (4, 12) , and a 50% decrease in life span (31) . Furthermore, losartan treatment lowered BP in SHR while raising CAV1 expression. We speculated that a decrease in the activity of the kidney cortical dopaminergic system by kidneyspecific CAV1 knockdown would likely increase the activity of the intrarenal renin-angiotensin system (RAS) (16) since the dopaminergic system has been shown to be responsible for keeping angiotensin type 1 receptor (AT 1 R) activation in check (17, 25) . It is possible that the decrease in CAV1 expression in the ␤MCD-treated rats could be associated with an activation of the RAS; however, this hypothesis remains to be tested. Interestingly, AT 1 R binding was shown to be lower in kidneys of the CAV1 knockout mice by receptor binding assays (43) . This may be due to downregulation secondary to increased ANG II peptide production, but this remains to be examined.
The use of a nonselective cholesterol inhibitor (␤MCD) to disrupt lipid rafts and thus CAV1 function can be problematic. ␤MCD alone has been shown to inhibit sodium-hydrogen exchanger-3 (30), which would be expected to result in natriuresis and hypotension (36) . However, we observed the opposite effects. In most published studies, CAV1 expression is directly linked to cell membrane cholesterol levels (19, 21) ; therefore, we used this approach in our in vivo studies. However, we also performed parallel experiments in which we used the selective CAV1 mRNA knockdown strategy with siRNA, which demonstrated similar physiologic results as induced by ␤MCD. Future studies will focus on the chronic studies, investigating FEN-induced natriuresis in animals with a sustained increased BP following CAV1 siRNA treatment.
In summary, depletion of membrane CAV1 by reducing membrane cholesterol by ␤MCD resulted in a short-term reduction in D 1 -like receptor-stimulated natriuresis in Na ϩ -loaded rats without a change in BP. Longer-term administration of ␤MCD or CAV1 siRNA into the kidney cortex resulted in a reduction in CAV1 and an increase in BP in Na ϩ -loaded rats.
Perspectives
There is a growing appreciation that structural membrane proteins play a critical role in cell surface receptor-mediating effects within the cell. CAV1 is a component of lipid rafts, and it has been found to be associated with dopamine and ANG II activities. Previous work demonstrated that the D 1 -like receptor-mediated internalization of the Na ϩ pump (Na-K-ATPase) was CAV1 dependent. We now demonstrate that CAV1 depletion in Na ϩ -loaded rats plays an integral role in the reduction of U Na V in the short term and an elevation of BP in the long term. Thus, we show that CAV1 plays a key role in maintaining appropriate U Na V and BP under conditions of Na ϩ loading.
